The possible significance of impurities in the chemotherapeutic action of penicillin was first suggested by Cornman (1944) and by Lewis (1944) , who observed that impure but not pure penicillin possessed a selective lethal action against rat and mouse sarcoma cells. Dunham and Rake in 1945 demonstrated that impure penicillin exerted a definite effect on the motility of Treponema pallidum, whereas crystalline penicillin had no such activity.
In 1946 Smith showed that germination and root growth is retarded by impure, and not by crystalline, penicillin and stated that the indole-3-acetic acid and phenylacetic acid present in impure penicillins are responsible for this effect.
In a recent communication (Hobby et al., 1946) , the comparative efficacy of four forms of purified penicillin and random samples of impure penidillin was described. Qn a unitage basis, (CD9o), the relative chemotherapeutic efficacy of penicillins X, dihydro-F, G, F, and K was on the order of 500,. 143, 100, slightly less than 100, and 60, respectively. The values for penicillin F were obtained with a preparation which contained impurities, the action of which was not known.
All of the samples of commercial penicillin tested were three to five times more effective than crystalline penicillin G in protecting mice against experimentally produced hemolytic streptococcal infections. The protective action exerted by these impure penicillins was of the same order regardless of the unitage per milligram, or the value of the Bacillus subtilis, Sk&phylococcu= aureus differential ratio.
In a series of experiments carried out simultaneously with those reported in the present paper, Welch, Randall, and Price (1947) have confirmed the fact that impure preparations of penicillin are more effective than crystalline penicillin G, and in addition have demonstrated that the action of crystalline penicillin G may be enhanced by the addition of penicillin impurities.
EXPERIMENTAL PROCEDURES AND RESULTS
The present study was undertaken in an attempt to confirm arid extend the observations previously reported from this laboratory (Hobby et al., 1946) and to determine, if possible, the factors responsible for the greater activity of impure preparations of penicillin.
Method. Throughout this study all comparisons were made by means of mouse protection tests, using the standard procedure previously described (Hobby et al., 1946) . Unless otherwise specified, Streptococcus hemolytic, strain G. L. HOBBY, T. F. LENERT, AND B. HYNAN C203Mv, or Diplococcus pneumoniae, strain I/230, was used as the infecting organism. One ml of 10h, 10-, 104, and 10-dilutions of a 14-hour rabbits' blood broth culture was injected intraperitoneally into each of a series of 18-to 22-gram white mice. A minimum of 10 mice per dilution of culture was used in each series. Treatment was started exactly 21 hours after the infecting dose.
The penicillin was administered subcutaneously in 90 per cent peanut oil. Forty per cent of the total dose was administered 21 hours, 40 per cent 7 to 8 hours, and 20 per cent 24 hours after infection. Treated animals were observed for a period of 14 days. A control series of untreated animals was included in each day's experiment. The untreated infection was uniformly fatal within 48 hours in the case of S. hemolyticus, 96 hours in the case of D. pneumoniae.
Materials used.1 Throughout this study crystalline penicillin G having a potency of 1,634 uimts per mg, by the bioassay method, and a B. 8ubtilis, S. aureus differential ratio of 1.0 was used. The polariscopic assay of this preparation was 1,635 units per mg. Ultraviolet absorption indicated 100 per cent penicillin G. The crystalline penicillin K used showed a potency of 2,182 units per mg and a differential ratio of 0.36; the crystalline penicillin X, a potency of 1,069 units per mg and a differential ratio of 1.39; the purified penicillin dihydro-F, a potency of 1,675 units per mg and a differential ratio of 0.57.
The impure penicillins used conisted of fractions recovered at various stages in the extraction of penicillin G. The potencies of these varied from 2.8 to 1,028 units per mg; the differential ratio varied from 0.62 to 0.92.
Actimn of crystaUine and purified penicillin in pneumococcal infection8. The chemotherapeutic effect of highly purified or crystalline penicillins and impure penicillin on hemolytic streptococcal infections in white mice has been reported previously (Hobby et al., 1946 Considering G as 100, the relative order of efficacy on a unitage basis for penicillins X, dihydro-F, F, G, and K was on the order of 302, 180, 116, 100, and 63, respectively; on a CD.o basis, 204, 138, 100, 100, and 26. The impure preparation tested was more effective against the experimentally produced pneumococcal infection than crystalline penicillin G. The relative efficacy of impure penicillin to crystalline penicillin G, on a CD80 unitage basis, was on the order of 461 to 10-, 10 to 100; 10', 100 to 1,000; 10', 1,000 to 10,000.
Crystalline penicillin G and impure penidillins from seven-stages in the extraction and recovery of crystalline penicillin G were tested for their relative efficacy in the control of experimentally produced hemolytic streptococcal infections in mice. The total dosages used were 30, 60, 100, 150, 210, and 300 units.
Four of the impure fractions of penicillin tested (preparations 4, 5, 6 , and 7)
S In a previous communication from this laboratory (Hobby et al., 1946) were more.effective against this infection-than crystalline penicillin G. Eightyeight to ninety-two per cent protection resulted on administration of 100 units of ealch of these-preparations, whereas 250 to 300 units of crystalline G were required to effect this degree of protection. Impure preparations 1, 2, and 3 were no more effeotive in controlling this specific infection than crystalline penicillin G. As observed previously (Hobby et al., 1946) , there was no correlation between the potency per mg or the differential ratio of the fractions and their degree of protective action (table 2) . Impure preparation 6, described above and having a potency' of -54 units per mg, was chosen for more detailed study. Comparative studies on the proteotive action of this preparation and of crystalline peniciUin G were made, using a larger series of animals. One hundred units of preparation 6 was again as effective as approximately 250 to 300 units of crystalline penicillin G.
The comparative actions of crystalline penicillin G and impure penicillin preparation 6 are shown in graph 1. Unless otherwise specified, all subsequent experiments were conducted with this crude fraction and the results compared to this curve. Daily checks, using 30, 60, or 100 units of crystalline G, were made to make certain that no change in the effectiveness of crystalline penicillin G had occurred. Some variation in the efficacy of penicillin G in a single strain of animals occurred from day to day. This variation was no greater than occurred in two or more groups of animals of the same strain tested on the same day under the same experimental conditions. The average protection resulting from a given dosage was therefore considered as significant as that on any given day, and unless otherwise specified the average is referred to throughout (graph 1). Although 100 units of this preparation of impure penicillin were sufficient to produce 90 per cent protection (graph 1), the addition of 50 units of crystalline penicillin G to 1 mg (54 units) of this same preparation of impure penicillin was not sufficient to produce this degree of protection. The protection resulting from the combined action of 1 mg of impure penicillin containing 54 units per mg and 50 units of crystalline G was no greater than that resulting from treatment with 1 mg of this preparation of impure penicillin alone. Administration of 0.1 mg (5.4 units) of impure penicillin in combination with 50 units of crystalline G produced, however, more protection than 50 units of crystalline G alone. Whereas 50 units of crystalline G alone had given only 64 per cent protection, this amount of G in combination with 0.1 mg of impure penicillin (5.4 units) gave 78 per cent protection. When 100 units of crystalline G were used, in combination with 0.83 mg of impure penicillin, the-resultant protection was again greater than could be obtained from either the amount of crystalline G or the amount of impure penicillin present. Likewise, the percentage of protection was greater than could be obtained with amounts of crystalline G equivalent to the total amount of active penicillin present in the mixture (graph 2).
It was apparent from these experiments, therefore, that the action of crystalline penicillin G could at times be enhanced by the addition of impure penicillin.
Effect of mixtusres of crystalline penicillin G and inactivated impure penicillin.
In subsequent experiments the effect of inactivated preparations of impure penicillin on the activity of crystalline penicillin G was determined. It is recognized that penicillin may be inactivated specifically by penicillinase, which is present in certain preparations of clarase. A concentrated preparation of It was apparent that the protective action of crystalline G was enhanced by the addition of inactivated impure penicillin as well as by the addition of active impure penicillin.
Effect of peniciUin degradation products on crystaUine peniciUin G. In tfhe hiactivation of penicillin by penicillinase, a marked increase in the degradation products present in these impure preparations naturally oc.curred. Attempts were therefore made to test the effect of these substances on the activity of crystalline penicillin G in vivo.
Crystalline. penicillin G was inactivated by penicillinase, heated to destroy the enzyme, and tested in the manner previously described for impure penicillin. Preliminary experiments with a preparation of crystalline G high in penicillinic acid have suggested that this substance not only plays no part in the enhancement of crystalline penicillin G, but may posibly decrease the efficacy of penicillin. Previous data have idicated that phenylacetic acid likewise is probably not correlated with the factor responsible for the enhancement of crystalline penicillin G in vitro (table 2) .
No attempt has been made to evaluate the effect of each of the degradation products of crystalline penicillin G. Those formed by alkaline or enzymatic inactivation of this form of penicillin, as well as penicillinic acid and phenylacetic acid, however, appeared to have no ability to enhance the action of crystalline penicillin G.
Effect of inactivated peniciUinase on crystaUine peniciUin G. Since large apaounts of enzyme were used in the inactivation of the impure penicillin, the possible effect of this substance on the activity of crystalline penicillin G was of interest. Protection studies were therefore made of mice infected with hemolytic streptococci and subsequently treated with crystalline penicillin G combined with varying amounts of the preparation of penicillinase used above. In each case the enzyme was heated at 80 to 850C for 1 hour and then tested, before being used, to make certain that no activity remained. Dosages consisting of 100 units of crystalline G combined with 0.00054 to 0.10 mg of inactivated penicillinase prepared from clarase and 100 units of cstalline G combined with 0.54 mg of a prepartion of inactivated pemicillinase made from Bacilus sp.' were tested.
As little as 0.054 to 0.10 mg of the inactivated penicillinas prepared from clarase was sujficient to increase the protective action of 100 It is apparent therefore that whereas the impure preparations of penicillin are more effective than crystalline penicillin G, and whereas the impurities from penicillin can enhance the activity of crystalline G, the activity of penicillin can also be enhanced by other substances not normally present in impure penicillin. Concentrates of penicillinase prepared from clarase will produce such an effect. That this effect is probably not due entirely, if at all, to the penicillinase itself is implied by the fact that a preparation of clarase containing no penicillinase can similarly enhance the action of crystalline G, whereas a preparation of penicillinase from another source has little effect.
Effect of inactivated impure penicillin on the chemotherapeutic action of penicillin X, dihydro-F, and K. In view of the fact that the action of crystalline penicillin X WlUmital 100 100 100 900 900 100 100 Impure penicillin, preparation 6, inactivated in the manner previously described, was again used. An amount (1.85 mg) which had contained 100 units of penicillin prior to inactivation was mixed with 100 units of highly purified penicillin dihydro-F, with 10, 23, and 40 units of crystalline penicillin X, and with 100 units of crystalline penicillin K. In addition, 3.70 mg of this inactivated preparation were also mixed with 100 units of crystalline penicillin K. These mixtures 1947] were tested for their therapeutic action against hemolytic streptococcal infections in the usual manner.
Under these conditions, 100 units of penicillin dihydro-F was adequate to protect 86 per cent of mice against infection. This preparation of dihydro-F, alone, in a dosage of 100 units, afforded only 75 per cent protection. Ten, twenty-three, and forty units of crystalline penicillin X in the presence of inactive impure penicillin gave 60, 100, and 90 per cent protection, respectively. In the absence of impurities, one would obtain only 10, 34, and 62 per cent protection, respectively, from this preparation of crystalline penicillin X. With 100 units of crystalline penicillin K, in the presence of an amount of inactivated impure penicillin which had contained 100 units prior to inactivation, only 50 In a subsequent series, 1.85 mg of inactive impure penicillin (preparation 6) combined with 60 units of crystalline K produced 40 per cent protection, whereas 3.70 mg combined with this amount of crystalline K gave 57.5 per cent protection. Sixty units of K alone in the strain of mice used for this particular experiment were capable of protecting only 25 per cent of the animals infected" (graph 6).
It is apparent therefore that under suitable conditions, the action of all of the penicillins (X, dihydro-F, G, and K) may be enhanced by the presence of impurities. The effect on penicillin K, however, is less regular.
Action of mixtures of purified or crystalline penicillins. In view of the fact that many preparations of impure penicillin contain, in addition to impurities, a mixture of the various penicillins, further studies were carried out to determine the effect of these penicillins on each other.
In preliminary experiments, a preparation of mixed penicillins recovered from impure material was used. This preparation (120) having a potency of 1,197 units per mg and a B. subtilis, S. aureus differential ratio of 0.95 was separated into two fractions: (1) a fraction containing a mixture of penicillins and having a potency of 1,574 units per mg and a B. subtilis, S. aureus differential ratio of 0.97 and (2) a fraction containing predominantly impurities and having a potency of only 190 units per mg and a differential ratio of 1.03. All three fractions were tested for their chemotherapeutic activity. In a dosage of 100 units, the original preparation and the fraction containing only 190 units per mg each protected 85 per cent of the animals infected, whereas the purified preparation of mixed penicillins afforded only 46 per cent protection.
Although high in penicillin G, this purified preparation contained small amounts of penicillins F, dihydro-F, and possibly K. Analyses indicated 91 per cent penicillin G-the remaining 9 per cent probably consisting predominantly of dihydro-F, with not more than 2 to 3 per cent K. The amount of penicillin X present was negligible. The amounts of these penicillins present were incapable of enhancing the action of the penicillin G.
In subsequent preliminary experiments, mixtures of known amounts of highly purified or crystalline penicillins were tested. Sixty units of crystalline G were mixed (1) with 20 units of dihydro-F, 19 units of K, and 1 unit of X, and (2) with 20 units of dihydro-F and 20 units of K. The chemotherapeutic action of these mixtures was greater than would have been expected from 100 units of dihydro-F, G, or K. Indeed, it was as high as would be expected from 60 to 100 units of impure penicillin or of crystalline penicillin X. No greater protection was obtained with the mixture containing 1 per cent penicillin X, however, than with that completely devoid of X (graph 7).
The preliminary experiments described indicated that whereas a mixture of penicillins, containing dihydro-F, F, and G with a small amount of K and probably no X, had no greater chemotherapeutic action against hemolytic streptococcal infections than crystalline G, a mixture containing, in addition to crystalline G, 20 per cent dihydro-F and 20 per cent K was far more potent than crystalline G alone. Whether the latter effect was due to the penicillin K alone, to the larger amount of dihydro-F in the latter mixtures, or to the combined action of dihydro-F and K could not be determined from these data.
The combined action of crystalline penicillins G and K were therefore tested in a limited series of animals. Twenty units of crystalline penicillin K were mixed (1) with 40 units of crystalline G and (2) with 60 units of crystalline G. Sixty units of crystalline penicillin G were used as control. Sixty units of crystalline G afforded 72 per cent protection,7 whereas the combination of crystalline penicillin G and K afforded 88 to 92 per cent protection. It was apparent that crystalline penicillin K can enhance the activity of crystalline penicillin G and that the effect is greater than would be anticipated from the total number of units present.
The effect of host susceptibility on peniciUin dosage. In the course of the experiments described above, an opportunity to observe the effect of alteration in host susceptibility on the penicillin dosage required to protect against hemolytic streptococcal infections in mice presented itself. A spontaneous infection due to an organism believed to be similar to Corynebacterium murium, described by Condrea (1930) , developed throughout the mouse colony. This infection was benign in nature and at no time fatal to the spontaneously infected mice. Shortly after the infection was first observed, however, it became apparent that this strain of mice was no longer as susceptible to hemolytic streptococcal and pneumococcal infections as in the past. Although the infections were still fatal to this strain of animals, death occurred slowly and, in the higher dilutions, less uniformly. Coincident with this shift in host suscepti-7 Owing to the fact that a strain of mice differing from that employed in the majority of previous experiments was used here, the percentage of protection due to 60 units of crystalline G differed slightly from that previously described. Dunham and Rake (1945) , working with Treponema pallidum, first suggested that iinpure penicillin may possess greater chemotherapeutic activity than crystalline penicillin G.
The differences in the action of the pure penicillins in contrast to preparations of impure penicillin was first discussed in detail in a recent communication from this laboratory (Hobby et al., 1946) . Impure penicillin was shown to be 3 to 5 times more effective against hemolytic streptococcal infections in mice than crystalline penicillin G. Indeed, such impure penicillin was more effective than any of the five forms of purified penicillin with the exception of penicillin X.
In the present report the same difference in activity has been demonstrated against pneumococcal infections in mice. Welch, Randall, and Price (1947) likewise have demonstrated recently a similar effect against infections due to EbertheUa typhosa, and Rake, Dunham, and Donovick (1947) have confirmed their original observations on Treponema palUidum and have extended them to include the action of impure and pure penicillins on pox viruses grown in the chick embryo.
The substance responsible for the greater activity of the impure penicillins in the streptococcal and pneumococcal infections is present in the original fermentation liquors and may be recovered, during the purification of penicillin, in those fractions in which penicillin G is recovered. It does not crystallize with penicillin G, however. It is relatively heat-stable. Preliminary studies suggest that it is readily dialyzable. Only small amounts are necessary to enhance the activity of crystalline penicillin G. As indicated by the data of Welch et al., and also by ours, it is effective on penicillins X, dihydro-F, and K as well as on penicillin G.
It has been shown previously (Hobby et at., 1946) that there is no correlation between the presence of this factor and the source of the penicillin, its [voL 54 320 potency in terms of units per mg, or its composition as evidenced by the Bacillus subtilis, Staphylococcus aureus differential ratio. These facts have been amply confirmed by Welch and his associates (1947) .
That the more common degradation products probably are not in themselves responsible for enhancing the activity of crystalline penicillin G is suggested by the fact that enzyme-or alkali-inactivated crystalline G has failed to enhance active crystalline penicillin G when mixed with it. Likewise, no correlation exists between the presence, in impure penicillins, of the substance which enhances chemotherapeutic activity and the amount of phenylacetic acid present. A preparation of crystalline G, high in penicillinic acid, has shown no greater chemotherapeutic efficiency than crystalline penicillin G itself.
That the factor which enhances the action of crystalline penicillin G in streptococcal and pneumococcal infections is not specifically correlated with the penicillin impurities only is suggested by the data presented in this communication. Certain apparently dissimilar agents may produce this effect. The penicillinase used for inactivation of impure penicillin, as well as the substances normally present in impure penicillin, have the ability to increase the efficacy of crystalline penicillin G. The penicillinase used in these studies was prepared from clarase. That the effect is not due to the penicillinase itself is indicated by the fact that a preparation of clarase, containing no penicillinase, was also highly effective, whereas a preparation of penicillinase from another source possessed little or no activity. Preliminary experiments indicate, furthermore, that certain mixtures of penicillins are more effective than crystalline G alone and that crystalline penicillin K may enhance the activity of crystalline G.
Whether these enhancing substances act directly on the crystalline penicillin or whether they produce their effect through an alteration of some mechanism within the body is not known. That the latter is true, at least in part, is suggested by preliminary experiments in which inactivated impure penicillin was administered simultaneously with crystalline penicillin G but at different sites within the body. Tompsett, Schultz, and McDermott (1947) have recently demonstrated differences in the ability of the various penicillins to be bound by the albumin component of serum. Whereas only about 50 per cent of penicillin G is bound, as much as 90 per cent of penicillin K may be bound. Clowes and Keltch (1946) have demonstrated, furthermore, that larger amounts of penicillin K than G are removed from solution when exposed in a Warburg apparatus to the action of various amounts of muscle or liver slices. The effect of penicillin impurities or of penicillin K on the binding action of crystalline penicillin G is not known.
The possible existence of an antibacterial agent effective in vivo, but not in vitro, must be considered. Esters of penicillin showing such activity were described by Meyer, Hobby, and Dawson (1943) . More recently Ramon, Richou, and Ramon (1946) have described a substance present in crude penicillins that possesses "antidotal" properties, and Miller and Boor (1947) The data presented herein are preliminary in nature. Neither the nature of the enhancing substance present in impure penicillin nor the mechanism by which it acts has been' determined. That one or more such substances do exist seems undoubtedly true. That a variety of dissimilar substances, including ones not specific for impure penicillins, may similarly enhance the action of crystalline penicillin G in streptococcal and pneumococcal infections is suggested. It seems possible that the factor (or factors) responsible for this form of enhancement may differ in nature or in their mechanism of action from those responsible for the enhancement of the action of penicillin on sarcoma cells, vaccinia virus, or bacterial toxins.
The individual experiments described represent, in many instances, only small numbers of animals and, therefore, are probably not biostatistically valid. The total study, however, represents over 25,000 animals and indicates a definite trend.
Differences in host susceptibility may alter the amount of penicillin necessary to protect against certain infections. The relative efficiency of the various penicillins is therefore more significant than the actual dosage necessary to protect. An exact comparison of the chemotherapeutic value of various agents in animals is probably possible only in pure-line strains of relatively constant susceptibility.
CONCLUSIONS
As previously reported, impure penicillin is 3 to 5 times more effective than crystalline penicillin G in protecting animals against experimentally produced hemolytic streptococcal infections in mice. The presence of this factor is not correlated with the potency in units per mg or with the Bacilus subtilis, Staphylococcus aureus differential ratio. Likewise it is not correlated with the amount of phenylacetic acid present. There is no evidence that it is associated with the degradation products of penicillin.
As in the case of hemolytic streptococcal infections, impure penicillin is more effective than crystalline penicillin G in protecting animals against experimentally produced pneumococcal infections in mice. On a unitage basis (0D1o) the relative chemotherapeutic efficacy of penicillins X, dihydro-F, F, G, and K against this infection, under the experimental conditions used, was on the order of 302, 180, 116, 100, and 63, respectively; on a gravimetric basis, 194, 180, 107, 100, and 88, respectively. The factor in impure penicillin which enhances the chemotherapeutic activity of crystalline penicillin G is present in the original penicillin fermentation liquor and may be demonstrated during the extraction of penicillin in those fractions in which penicillin G is recovered.
The chemotherapeutic activity of crystalline penicillin G may be enhanced by dissimilar substances not specific for impure penicillin. Furthermore, crystalline penicillin K may enhance the activity of crystalline penicillin G. 
